Antioxidant activities of minor pigments of sea urchins (1-5) and synthetic naphthazarins (7-13) were evaluated and compared with echinochrome A (6) using 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) scavenging assays. Structure-activity relationships showed that the antioxidant activities of the tested compounds depended on the number and positions of hydroxyl groups. Compounds bearing 3 or 2 hydroxyl groups on a naphthazarin core (5,8-dihydroxy-1,4-naphthoquinone) were the most active in both assays. Echinochrome A (6) (IC 50 7.0 M) and its monomethyl ethers 7 (IC 50 15.0 M) and 8 (IC 50 15.0 M) displayed stronger activities than Trolox (IC 50 16.0 M) in the DPPH and ABTS assays (TE = 3.41, 2.35, and 2.35 mM, respectively). Compounds with either one or without hydroxyl groups on a naphthazarin core displayed activities significantly lower than Trolox in both assays. These results suggest that hydroxylated naphthazarin pigments of sea urchins have a potential use as natural antioxidants.
Echinoids are one of the more diverse groups of the phylum Echinodermata, including familiar echinoderms such as sea urchins and sand dollars. Various sea urchin and sand dollar species inhabit all oceans. The gonads of some species of sea urchins are culinary delicacies in many countries; therefore, around 50,000 tons of sea urchins are captured each year, but most of their shells are dumped as waste after removal of the gonads. The brightly colored echinoid shells are known to contain polyhydroxylated naphthoquinone (NQ) pigments. About thirty quinonoid pigments, including derivatives of juglone (5-hydroxy-1,4-naphthoquinone), naphthazarin (5,8-dihydroxy-1,4-naphthoquinone), dimeric naphthazarins and aminonaphthazarins have been isolated from different species of echinoids [1] [2] [3] . In Russia, sand dollars, Scaphechinus mirabilis, are used for isolation of the naphthazarin pigment echinochrome A, which has been used as the active substance in the antioxidant drug preparation Histochrome [4] . In this respect an approach to synthesis of echinochrome A was developed [5, 6] . Recently, antioxidant properties of crude extracts of shells of edible sea urchins, containing a mixture of pigments, were studied in terms of the possibility of using the shells as a new bio-resource for natural antioxidants [7] [8] [9] . As a rule, the major components of pigment extracts from various sea urchins are spinochromes A-E and echinochrome A, which are accompanied by minor pigments [1, 10, 11] . Previously, spinochromes A-E and echinochrome A were investigated for their antioxidant properties [12] , but the antioxidant activity of the minor components of the pigment extracts was not studied.
In order to understand the potential usefulness of naphthazarin pigments of sea urchins, we evaluated the antioxidant activities of the series of naphthazarin pigments 1-13 using chemical assays to determine the capacity of these substances to scavenge the ABTS + radical cation (2,2-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) and the DPPH radical (2,2-diphenyl-1-picrylhydrazyl). The selection of these compounds was based on chemical structures related to the known antioxidant echinochrome A (6) extracts from shells of sea urchins [10, 11, 13] . Moreover, pigments 2, 4, and 5 are minor impurities of commercial batches of echinochrome A (6) isolated from Scaphechinus mirabilis [11] . Compounds 7 and 8 are by-products of echinochrome A synthesis [5, 6] . Compounds 9-13 were tested in order to determine structure- antioxidant activity relationships in this series of 5,8-dihydroxy-1,4naphthoquinone pigments. ABTS + radical cation was used for measurement of the antioxidant activity of naphthazarins for the first time.
Results of these assays are given in Tables 1 and 2 . It can be seen that the DPPH radical scavenging activity of the compounds was concentration dependent and a gradual increase in concentration increased the activity. In the DPPH test, echinochrome A (6) ( showed activities significantly less than that of BHT ( Table 2 ).
The radical scavenging activity of compounds 1-13 was further assessed using the ABTS + assay. Tables 1 and 2 show the antioxidant activities of the tested compounds expressed as the number of equivalents of Trolox, a water-soluble -tocopherol analogue. These results are consistent with those of the DPPH assay. Table 1 shows that echinochrome A (6) and its monomethyl ethers 7 and 8 are more efficient at scavenging ABTS + , exhibiting values of TEAC two to three times greater than that of Trolox, and again, echinochrome A (6) had the greatest capacity to scavenge this radical. Compounds 3, 4, and 5 had slightly higher ABTS + scavenging capacity than Trolox (Table 1) .
As was seen with DPPH, compounds 1, 2, 9-13 (Table 2) were less efficient at scavenging ABTS + having values of TEAC lower than that of Trolox. In the ABTS + assay the rank order from the most active to the least active compound is
; this is consistent with the order in the DPPH assay.
It is well known that the number and arrangement of hydroxyl groups in polyphenols play an important role in antioxidant properties of these compounds. The tested pigments 1-13 have 2-5 hydroxyl groups in the molecules, but not all of these act as hydrogen donors to scavenge free radicals. Compounds 9, 10, 12, and 13 have only two hydroxyl groups at C-5 and C-8 of a NQ core, which form hydrogen bonds with C-1 and C-4 carbonyl groups and do not directly participate in the radical scavenging activity. Indeed, these compounds displayed the lowest activities in the DPPH (% scavenging  47.4% observed for BHT) and ABTS + assays (TE  0.3) ( Table 2 ). Our results are in agreement with published data on superoxide anion radical scavenging activity of several polyhydroxylated naphthoquinones, echinochrome A and spinochromes [12] .
One additional hydroxyl group on a 5,8-dihydroxy-1,4-NQ core in compounds 1, 2, and 11 slightly increases the antioxidant activity of these compounds in ABTS + (1  TE  0.3) and DPPH scavenging ( 47.4%, Table 2 ). Compounds 3, 4, 5, 7, and 8 containing two additional hydroxyl groups on a 5,8-dihydroxy-1,4-NQ core had activities either greater than Trolox and than compounds 1, 2, and 11 in the ABTS + assay (3  TE  1) or comparable with Trolox in the DPPH assay (Table 1) .
Echinochrome A (6), bearing three additional hydroxyl groups on a 5,8-dihydroxy-1,4-NQ core, had antioxidant activity 3.4-fold greater than Trolox in the ABTS + assay and more than 2-fold in the DPPH assay. Thereby, with pigments having the same basic chemical structure, the antioxidant activity is proportional to the number of hydroxyl groups. Ethylnaphthazarin (9), ethylnaphthopurpurin (2), ethylmompain (4), and echinochrome A (6), which have two, three, four, and five OH groups, respectively, had antioxidant activities of 0.17, 0.31, 1.17, and 3.41 Trolox equivalents, respectively. Methylation of C-6 or C-7 hydroxyl groups in echinochrome A (6) led to decreased activities of the monomethyl ethers 7 and 8 (TE = 2.35) compared with 6 (TE = 3.41). On the other hand the presence of methoxyl groups slightly enhanced the antioxidant activity of pigments compared with compounds without methoxyl groups. This is likely true if comparing compounds 12 (TE = 0.30), 10 (TE = 0.19), and 9 (TE = 0.17), which have two MeO groups, one MeO group, and no MeO group on a 2,5-dihydroxy-1,4-NQ core, respectively. The presence or absence of an ethyl group on the naphthazarin core did not change the antioxidant activities of the pigments. This can be seen from comparison data for compounds 3, 4, and 5 (Table 1) , as well as for compounds 7 and 8 ( Table 1) , 1 and 2 ( Table 2) , and 12 and 13 ( Table 2) .
It is known, that the antioxidant ability of polyhydroxynaphthoquinones is the result of a combination of iron chelation, reducing power and free radical scavenging activity [9, 14] . We studied free radical scavenging activities of echinochrome A and related compounds applying the DPPH and ABTS + assays. The main conclusions of our study are in agreement with published data [8, 9, 12, 14] .
It was confirmed that the pigments were active in scavenging the DPPH radical and the ABTS + radical cation and this activity is Radical scavenging activity of naphthazarins Natural Product Communications Vol. 7 (7) 2012 903 proportional to the number and position of hydroxyl groups in the molecules. TEAC of naphthazarin pigments (3) (4) (5) (6) (7) (8) bearing more than one hydroxyl group on the 5,8-dihydroxy-1,4-NQ core are higher than 1 mM equivalent of Trolox. In addition, the DPPH radicalscavenging ability of these pigments appeared to be comparable with or even stronger than that of the known antioxidant Trolox, and the activity of minor pigments (1, 2) bearing one hydroxyl group on the 5,8-dihydroxy-1,4-NQ core is comparable with that of BHT. These results suggest that not only major polyhydroxylated naphthoquinone pigments, but also minor components can contribute to the antioxidant potency of crude pigment extracts from sea urchin shells, which could be a new source of natural antioxidants.
Experimental

General:
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2carboxylic acid), and 2,2-diphenyl-1-picryl-hydrazyl (DPPH) were purchased from Fluka; 2,2-azinobis(3-ethylbenzthiazoline-6sulfonic acid (ABTS) from Sigma-Aldrich; and butylated hydroxytoluene (BHT) from Biolar (Olaine, Latvia). UV/Vis spectra were recorded on an UV-mini 1240 spectrophotometer (Shimadzu). All solvents used in this study were of analytical grade.
Compounds: Naphthopurpurin (2,5,8-trihydroxy-1,4-naphthoquinone, 1) was synthesized according to a described method [15] . Physicochemical and spectroscopic data for 1 are in agreement with the data published for the pigment isolated from Echinothrix sea urchins [13] . Ethylnaphthopurpurin (2,5,8-trihydroxy-3-ethyl-1,4naphthoquinone, 2) [16] , ethylmompain (2,5,7,8-tetrahydroxy-3ethyl-1,4-naphthoquinone, 4) [17] , ethylisomompain (2,5,6,8-tetrahydroxy-3-ethyl-1,4-naphthoquinone, 5) [18] , and echinochrome A (2,5,6,7,8-pentahydroxy-3-ethyl-1,4-naphthoquinone 6) [5, 6] were synthesized according to described methods. Physicochemical and spectroscopic data for pigments 2, 4-6 are in agreement with the data published for the pigments isolated from Scaphechinus mirabilis [11] . Mompain (2,5,7,8-tetrahydroxy-1,4-naphthoquinone, 3) was synthesized according to a described method [19] . Physicochemical and spectroscopic data for 3 are in agreement with the data published for the pigment isolated from Strongylocentrotus nudus [10] . Echinochrome A methyl ethers (2,5,7,8-tetrahydroxy-6methoxy-3-ethyl-1,4-naphthoquinone, 7 and 2,5,6,8-tetrahydroxy-7methoxy-3-ethyl-1,4-naphthoquinone, 8) are by-products of synthesis of echinochrome A [6] . Physicochemical and spectroscopic data for pigments 7 and 8 are in agreement with the data published for the pigments isolated from Diadema antillarum [20] . Ethylnaphthazarin (5,8-dihydroxy-2-ethyl-1,4-naphthoquinone, 9) [21] , naphthopurpurin methyl ether (5,8-dihydroxy-2-methoxy-1,4naphthoquinone 10) [15] , cristazarin (2,5,8-trihydroxy-7-methoxy-3-ethyl-1,4-naphthoquinone, 11) [22] , ethylmompain dimethyl ether (5,8-dihydroxy-2,7-dimethoxy-3-ethyl-1,4-naphthoquinone, 12) [22] , and ethylisomompain dimethyl ether (5,8-dihydroxy-2,6dimethoxy-3-ethyl-1,4-naphthoquinone, 13) [22] were synthesized according to described methods. Physicochemical and spectroscopic data for 11 are in agreement with the data published for the pigment isolated from the lichen Cladonia cristatella [23] .
DPPH radical scavenging assay:
The assay used was adapted from a published method [24] with minor modifications. Solutions of pure compounds in EtOH at different concentrations (0 -200 μM final concentrations) were prepared and adjusted to 2 mL total volume with 0.7 mL of DPPH-EtOH solution (6 mg/50 mL; 0.1 mM final concentration). The absorbance at 517 nm was determined after 20 min, and the percent free radical inhibition was calculated as follows: Inhibition (%) = 100 -[(A reaction -A compound )/A control  100], where A reaction is the absorbance of the reaction mixture, A compound is the absorbance at 517 nm of the test compound at test concentrations, and A control is the absorbance of the 0.1 mM DPPH solution. EtOH was used as a blank. A correction for reaction absorbance at 517 nm is necessary due to the absorbance of the compounds in this region. The percentage of inhibition was plotted to obtain the IC 50 value. Trolox and BHT were used as positive control standards. The IC 50 value denotes the concentration of compound required to scavenge 50% DPPH free radical.
ABTS + scavenging assay: To measure the antioxidant activity of compounds the ABTS + assay was adapted from a published method [25] . Briefly, a stock solution of ABTS + radical cation was prepared by dissolving ABTS (7 mM, 4.713 mL in deionized water) with potassium persulfate (60 mM, 0.2 mL; 2.45 mM final concentration). The reaction mixture was left to stand at room temperature overnight (16 h) in the dark. The intensely-colored ABTS + radical cation was diluted with EtOH to an absorbance of 0.70 (0.02) at 734 nm. To 20 L of EtOH solutions of the test compound at different concentrations (0 -15 M final concentrations) 1.98 mL of the diluted ABTS + solution was added and the absorbance was measured at 734 nm after 6 min. Inhibition was calculated as follows: Inhibition (%) = 100 -(A reaction  100)/A control , where A reaction is the absorbance of the reaction mixture, and A control is the absorbance of the ABTS + solution. EtOH was used as a blank. Trolox was used as a positive control standard. The inhibition was plotted as a function of concentrations of antioxidant compounds. To calculate Trolox equivalent antioxidant capacity (TEAC), the gradient of the plot for the test compound was divided by the gradient of the plot for Trolox. TEAC was expressed in mM concentration of a Trolox solution having the antioxidant capacity equivalent to 1 mM solution of the test compound.
